fuse staining was seen throughout the nucleus, discrete TRF2 localized to APBs identified with antibodies specific for PML. The data presented in Figure 1B show nuclear foci were also observed ( Figure 1A , green). Using dual indirect immunofluorescence with a number of that RAD51D colocalized with TRF2 to the APBs. Taken together, the results presented in Figure 1 establish that proteins known to form nuclear foci either at S phase or in response to DNA-damaging agents (e.g., RAD51, RAD51D localizes to telomeres in both telomerase-positive and -negative somatic cells. RPA, BRCA1, BRCA2), the punctate pattern was found to be distinct from that characteristic of DNA repair foci. Instead, we found that RAD51D colocalized with TRF2, RAD51D Is Detected at the Telomeres of Meiotic Chromosomes throughout Prophase I a protein that binds specifically to interphase telomeres (van Steensel et al., 1998) ( Figure 1A ). The telomeric Meiotic telomeres have the advantage of being more easily visualized by immunofluorescence at the ends of localization of RAD51D was also seen in cells that were irradiated to promote DNA damage (data not shown). paired chromosomes. We therefore prepared meiotic chromosome spreads from mouse spermatocytes and RAD51D was not observed in the radiation-induced RAD51 foci. detected RAD51D while also visualizing the chromosome cores (axial elements) using an anti-SCP3 monoThe telomeric localization of RAD51D in HeLa cells prompted us to examine RAD51D foci in telomeraseclonal antibody (Dobson et al., 1994) ( Figure 2A ). RAD51D was found to localize to all telomeres in these negative (ALT) cell lines, where several recombination proteins are known to colocalize with telomeres and meiotic cells. We also observed that in the XY chromosome pair, which is only synapsed over a short region telomere binding proteins to APBs, a subset of the promyelocytic leukemia (PML) bodies. As previously reof homology known as the pseudoautosomal region, the RAD51D telomeric signal was detected both at the ported in human ALT cell lines ( results show that RAD51D, like TRF1, localizes at the telomeres regardless of the synapsis status of the hoNext, the localization of RAD51D protein throughout meiotic prophase I was determined and compared with mologous chromosomes. When potential protein-protein interactions between RAD51D and TRF1/TRF2 were that of the telomere binding protein TRF1 (Chong et al., 1995; Scherthan et al., 2000) . For this experiment, mouse analyzed by coimmunoprecipitation from both testis and Hela extracts, and after coexpression using baculovirusspermatocytes were double stained using anti-RAD51D/ anti-SCP3 or anti-TRF1/anti-SCP3. The initial stages of infected insect cells, we found no evidence to indicate direct interactions between these proteins. meiotic prophase I, leptotene/zygotene, were defined by a discontinuous SCP3 staining along the axial ele-
In the experiments shown in Figures 1 and 2 , RAD51D protein was detected using either mouse monoclonal ments of unpaired chromosomes ( Figure 2B ). At this stage, the telomeres were seen to cluster together in or rabbit polyclonal antibodies raised against purified full-length protein. The specificity of the rabbit polya "bouquet" structure from which chromosome cores emerge. Groups of foci that identify bouquet formations clonal antibody was confirmed by the loss of telomeric signal following its preincubation with purified RAD51D were detected for both TRF1 and RAD51D. At pachytene, the axial cores synapsed fully to form the synaptoprotein but not with RAD51 (data not shown). Similar immunofluoresence signals were observed when we nemal complex (SC), as identified by SCP3 staining. At this stage, and the following stage of diplotene when used polyclonal sera raised in mouse against full-length clonal antibodies. The presence of telomeric DNA was detected using 32 P-labeled probes corresponding to The telomeric association of RAD51D was further analyzed at high resolution using immunogold labeling and G-rich ( Figure 4A ) or complementary C-rich ( Figure 4B ) telomeric DNA strands. We found that the anti-RAD51D electron microscopy. To do this, meiotic chromosome spreads were prepared from mouse spermatocytes and pAb pulled down RAD51D with associated telomeric DNA. In these experiments, the telomere-associated treated with DNase I to remove chromatin loops. Under these preparation conditions, the telomeres appear as proteins TRF2 and RAP1 were used as positive controls. When a nontelomeric probe such as rDNA was used in bulky structures at the ends of the chromosome cores ( Figure 3A , inset). The chromosome cores were then the ChIP analysis, only the input extract generated a positive signal ( Figure 4C ). The data presented in Figures incubated with mouse anti-TRF1 mAb or rabbit anti-RAD51D pAb, either separately or together. TRF1 and 4A and 4B are quantified in Figure 4D . In contrast to RAD51D, antibodies specific for other DNA repair pro-RAD51D were subsequently detected using secondary antibodies conjugated with gold particles and visualized teins, such as RAD51, BRCA2, and the RAD51D-related paralogs RAD51C and XRCC2, gave telomeric ChIP sigby electron microscopy (Figure 3 ). These single and dual labeling experiments provided further evidence for telonals at or below the level of the preimmune serum. mere binding by TRF1 and RAD51D.
Telomere Dysfunction Induced by RAD51D Depletion in ALT Cells ChIP Analysis of the Association of RAD51D with Telomeres
To determine the role of RAD51D in telomere maintenance, we attempted to inhibit RAD51D synthesis in the The association of RAD51D with telomeric DNA was confirmed by chromatin immunoprecipitation (ChIP) telomerase-negative (ALT) human cell line WI38-VA13/ 2RA using siRNA technology. We found that transformaanalyses performed with extracts prepared from either spreads of the surviving 51DsiRNA2-transfected cells at day 5. An elevated frequency of end-to-end fusions was observed in the 51DsiRNA2-transfected cells (1.2 fusions per metaphase; 64 events in 53 metaphases) compared to the GFPsiRNA-transfected control (0.5 fusions per metaphase; 31 events in 60 metaphases). Fusions involving two or more chromosomes were seen ( Figure 5C ). FISH analysis showed that fusions in which telomeric DNA was preserved at the site of the fusion occurred with a frequency of 1.0 fusions per metaphase in the 51DsiRNA2-transfected cells, compared with 0.4 fusions per metaphase in the GFPsiRNA-transfected control cells (p Ͻ 0.0001).
When telomere length was measured using quantitative fluorescence in situ hybridization (Q-FISH) of metaphase nuclei using a telomere-specific probe ( Figure  5D ), we observed telomere shortening in the RAD51D siRNA2-transfected cells at day 5 compared with the GFPsiRNA-transfected cells (p Ͻ 0.0001). As shown in Figure 5E , there was an increase in the frequency of short telomeres (Ͻ6 kb) and a decrease in the frequency of longer telomeres (Ͼ20 kb). Calculated p values (Ͻ0.0001) for the two individual size groups shown in Figure 5E indicated that RAD51D depletion resulted in a statistically significant reduction in telomere length. ) individaffect cell viability. When the kinetics of cell death were followed by determining the cell count after transfection ual telomere length measurements were obtained. We observed a significant decrease in telomere length, such with 51DsiRNA2 and the control GFPsiRNA construct, we found that at day 5, the 51DsiRNA2-transfected cell that the average telomere length in Rad51d ϩ/ϩ Trp53 ϩ/ϩ (49.3 kb) was reduced by more than 10 kb in Rad51d (Figure 6B) . Correspondingly, the frequency of long teloSchimenti, 2000), we suggest that 51DsiRNA2 is an effective inhibitor of RAD51D synthesis. meres (Ͼ60 kb) decreased from 23.7% to 12.6% in the double mutant versus wild-type MEFs. We therefore examined whether depletion of RAD51D from the telomerase-negative cells affected telomere
Telomere Attrition and Telomere-Related
We also examined whether the decrease in telomere length in the Rad51d Ϫ/Ϫ Trp53 Ϫ/Ϫ MEFs was accompamaintenance. To do this, we analyzed metaphase Table 1 , section B). As end-to-end fusions containing telomeric sequences mosome aberrations ( Figure 6E and Table 1 ). Three dis- The observation that RAD51D localized to the telo-A Recombination-Mediated Pathway for Telomere Maintenance meres of meiotic and somatic chromosomes as well as its association with telomeric DNA in ChIP assays led us Given the two aspects of chromosomal stability that require RAD51D (DNA repair and telomere mainteto determine whether RAD51D played a role in telomere maintenance. In a telomerase-negative immortalized hunance), it is possible that the severe genomic instability observed in the Rad51d-defective cells could be due man cell line, RAD51D and TRF2 colocalization was observed in APBs. In addition to telomeric DNA and teloto an additive effect of a replication-associated repair defect and a localized instability generated by unpromere-specific proteins, APBs contain the recombination proteins RAD51 and RAD52, the MRE11/RAD50/NBS1 tected telomeres. Quantitative FISH analyses showed significant telomere shortening in both the RAD51D complex, the replication protein RPA, and the BLM and WRN proteins (Henson et al., 2002) 
